Objective: Neurogenic thoracic outlet syndrome (NTOS) is caused by dynamic compression of the brachial plexus at the level of the supraclavicular scalene triangle or the subcoracoid (pectoralis minor) space, or both. The purpose of this study was to characterize relationships between 14 clinical diagnostic criteria (CDC) and seven pretreatment patient-reported outcomes measures (PROMs) in a prospective cohort of patients with NTOS.
Neurogenic thoracic outlet syndrome (NTOS) is caused by dynamic compression of the brachial plexus at the level of the supraclavicular scalene triangle or the subcoracoid (pectoralis minor) space, or both. 1 NTOS is considered to be the result of predisposing variations in anatomy combined with local responses to tissue injury, with symptoms ranging from numbness and paresthesia in the fingers to disabling pain in the neck and affected arm, potentially leading to pronounced functional disability. [2] [3] [4] Establishing the diagnosis of NTOS is challenging, because it is a relatively rare condition outside the training or experience of many specialists, it requires the exclusion of diverse conditions that might cause similar or overlapping symptoms, physical examination maneuvers are often nonspecific, and there are no laboratory or radiographic testing approaches with sufficient accuracy to establish or exclude the condition. [4] [5] [6] The clinical evaluation for NTOS can thereby vary widely between different medical centers and individual practitioners, and the need for more consistent diagnostic standards has been repeatedly emphasized. 7, 8 Toward this goal, we and other investigators in the Consortium for Research and Education on Thoracic Outlet Syndrome (CORE-TOS) have used a consensus-based Delphi approach to develop a consistent set of clinical diagnostic criteria (CDC) for NTOS, and we have implemented these criteria in our center during the past several years. [9] [10] [11] [12] Physical therapy and symptom management are the first lines of treatment once a diagnosis of NTOS has been established. 3, 4 Surgical treatment for NTOS is reserved for patients who have substantial levels of disability and have failed to obtain sufficient improvement with conservative measures. Several approaches to thoracic outlet decompression can clearly produce excellent results. [11] [12] [13] [14] [15] [16] [17] However, there remain patients who do not improve to the extent predicted after surgical treatment, despite attempts to identify various risk factors that may be associated with unsatisfactory outcomes.
To better quantify the level of physical and mental disability experienced by patients with NTOS and to predict treatment outcomes more accurately, a number of patient-reported outcomes measures (PROMs) have been applied to this population. 11, 12, 15, 16, 18, 19 This has included PROMs responsive across several different but related domains such as pain, functional disability, depression, and physical and mental quality of life (QOL). Pain catastrophizing is an additional domain that has attracted increasing attention in recent years, representing a long-standing concept in psychologic research defined as "an exaggerated negative mental set brought to bear during actual or anticipated painful experience." [20] [21] [22] Despite its potential relevance to assessing disability, improving predictions of treatment outcomes, and potentially guiding targeted intervention, pain catastrophizing has not been previously examined in patients with NTOS. The purpose of this study was to characterize a prospective observational cohort of patients with NTOS with regard to the prevalence of 14 CDC and results for a broad series of PROMs, including pain catastrophizing, and to evaluate potential associations between these diagnostic and outcomes assessment measures.
METHODS
Study population. All patients in this study gave informed consent for the publication of their medical data, through a protocol approved by the Human Research Protection Office at Washington University in St. Louis, St. Louis, Mo. The study population consisted of new patients referred to the Washington University Center for Thoracic Outlet Syndrome at Barnes Jewish Hospital (St. Louis, Mo) from July 1 to December 31, 2015, who met the predefined CORE-TOS CDC for NTOS. Data collected from office notes, hospital records, imaging studies, and records from treating physicians and therapists were entered into a prospectively maintained database.
Clinical diagnosis. A standardized set of 14 individual CDC were used throughout the study period, which were previously developed by CORE-TOS investigators through a consensus-based approach to guide more consistent diagnosis of NTOS. 9, 10 In accord with these criteria, to reach a sound clinical diagnosis of NTOS, a patient must have upper extremity symptoms present for at least 12 weeks, which extend beyond the distribution of a single cervical nerve root or peripheral nerve, have not been satisfactorily explained by another condition, and meet at least one criterion in at least four of five categories that include (1) principal symptoms, (2) symptom characteristics, (3) clinical history, (4) physical examination, and (5) provocative maneuvers (Table I ). The specific CDC and total number of positive CDC met by each patient were recorded. As part of this assessment, the degree of focal tenderness to palpation was graded on a 4-point scale (0, 1þ, 2þ, and 3þ) by the examining physician and the duration of time the patient was able to perform the 3-minute elevated arm stress test (EAST) measured in seconds.
Results of imaging studies and electrophysiological tests (nerve conduction velocities and electromyography) were not considered necessary to establish a clinical diagnosis of NTOS but were used in selected patients to help assess or exclude other conditions (eg, degenerative cervical spine disease, peripheral nerve compression disorders). Anterior scalene and pectoralis minor muscle blocks were used selectively as an adjunct to provide prognostic information but were not considered necessary for a clinical diagnosis of NTOS. A clinical worksheet using the CORE-TOS diagnostic criteria for NTOS is provided in the Supplementary Material (Form A), online only. Recommendation: The presence of the above criteria suggests that neurogenic thoracic outlet syndrome is present.
Patient
Depression Scale (SDS), the 12-Item Short Form Health Survey (SF-12) Physical and Mental Summary Scale, and the Pain Catastrophizing Scale (PCS).
The QuickDASH version of the original DASH, which specifically assesses functional disability of the arm and hand, has been used in previous studies of patients with NTOS. 11, 12, 15, 19, [23] [24] [25] The CBSQ is a 14-item survey that was developed for evaluation of patients with NTOS and related disorders to measure functional disturbances resulting from performance of certain activities. 18 The NTOS Index is a composite score combining the QuickDASH, CBSQ, and a 10-point visual analog scale for pain, which we have described previously.
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The McGill Pain Score divides pain into three broad categories (quality, temporality, and severity), with scores ranging from 0 to 78. 26 The BPI is a well-validated pain assessment tool that emphasizes interference with activities of daily living. 27 The Zung SDS uses 20 items to quantify depression from normal to severe on a range of 20 to 80. 28 The SF-12 is a widely-used self-evaluation instrument for physical and mental well-being, graded on a 0 to 100 scale with 100 representing the highest QOL. 29 The PCS quantifies three domains of pain catastrophizing (rumination, magnification, and helplessness) with a range of 0 to 52; in previous studies on chronic pain, a PCS score of 30 or higher corresponds to the 75th percentile of pain catastrophizing and is considered to be clinically significant. [30] [31] [32] A clinical worksheet encompassing the PROMs used in this study is provided the Supplementary Material (Form B), online only.
Statistical analysis. The principal outcomes measured were the frequency of positive CDC and the functional measures as assessed by the PROMs, along with analysis of the relationships between CDCs and PROMs. Descriptive data are presented as mean 6 standard error or median and range. For two-group comparisons, the unpaired Student t-test with two-tailed distribution was used to determine statistical significance; for multiplegroup comparisons, the Kruskal-Wallis nonparametric analysis of variance test was used with the Dunn multiple comparisons test. Linear regression analysis was performed by minimizing the vertical sum-of-squares (SS) distance from data values to the line. R 2 values were computed using the equation
where SS reg ¼ SS for the regression line and SS tot ¼ SS for the horizontal line through the y-axis mean. In selected instances, Pearson correlation tests were also performed with calculation of R 2 values. All statistical tests were performed using Prism 6.0h software (GraphPad Software Inc, San Diego, CA). P values of <.05 were considered significant.
RESULTS
Patient characteristics. There were 183 new patients referred to the Washington University Center for Thoracic Outlet Syndrome at Barnes-Jewish Hospital (St. Louis, Mo) between July 1 and December 31, 2015. Of these, 150 (82%) met our predefined diagnostic criteria for NTOS, thereby constituting the study population (Fig 1, A) . A previous injury was present in 118 (79%), with an even distribution between occupational, recreational, and accidental injuries, as well as a smaller number with unclassified repetitive strain injury (Fig 1, B) . The study population was a mean age of 37.1 6 1.1 years (range, 12-66 years), and 107 (71%) were women (Fig 1, C) . More than half of the patients had symptoms for $2 years before referral, consistent with our previous studies (Fig 1, D) . 11 Clinical diagnostic criteria. For the 150 patients with NTOS, the mean number of positive CDC was 9.6 6 0.1, with 99% having pain in the neck, upper back, shoulder, arm, or hand, or a combination (criterion 1A), 94% having numbness, paresthesia, or weakness in the arm, hand, or digits or a combination (criterion 1B), and 97% having pain, paresthesia, or weakness exacerbated by elevated arm positions (criterion 2A; Fig 2) . Five (3%) had a cervical rib and 15 (10%) had recurrent NTOS after a previous operation. Local tenderness on palpation over the scalene triangle or subcoracoid space (criterion 4A) was present in 96% of patients, and the degree of tenderness was correlated with the total number of positive CDC (R 2 ¼ 0.178; P < .0001), the duration of EAST (R 2 ¼ 0.120; P < .0001), and the extent of functional disability measured by the QuickDASH score (R 2 ¼ 0.230; P < .0001; Table II) . A positive 3-minute EAST (criterion 5B) was present in 94% of patients, with the duration of EAST (mean, 102 6 5.1 seconds) correlating with the total number of positive CDC (R 2 ¼ 0.182; P < .0001), the degree of local tenderness to palpation (R 2 ¼ 0.120; P < .0001), and the degree of functional disability measured by the QuickDASH score (R 2 ¼ 0.231; P < .0001; Table III ).
PROM evaluation. To evaluate PROM survey instruments across NTOS patients in our cohort, we first analyzed the score distributions for all measures. Correlations between CDC and PROMs. We then evaluated the relationships between the number of positive CDC and different PROMs. Significant correlations were found between the total number of positive CDC and the duration of EAST (R 2 ¼ 0. Supplementary Fig 1, online only) . These findings helped to validate the overall utility of the selected CDC in assessing the diagnosis and effect of NTOS in this patient cohort. Correlation analyses between other pairs of PROMS are illustrated in Fig 4, consistently demonstrating significant interrelationships between various outcomes measures across the domains of pain, functional disability, depression, and QOL.
Relationships to pain catastrophizing. Pain catastrophizing is a novel domain of interest in patients with NTOS, and we observed the poorest correlations between the PCS and other PROMs within our NTOS cohort. We therefore sought to further examine the data with specific consideration to clinically significant levels of pain catastrophizing (PCS $30), as described in previous studies. [30] [31] [32] No significant correlations were found between PCS scores and the number of positive CDC for patients with PCS <30 (n ¼ 85) or $30 (n ¼ 48; Fig 5, A) , with the number of positive CDCs slightly but significantly higher for patients with elevated PCS scores (10.0 6 0.2 vs 9.3 6 0.2; P ¼ .0098; Fig 5, B) . Similarly, there were no significant correlations between PCS scores and the duration of EAST for patients with PCS <30 or $30 (Fig 5, C) , but the mean duration of EAST was 38% less for the patients with elevated PCS scores (84.6 6 7.5 seconds vs 115.3 6 6.7 seconds; P ¼ .0043; Fig 5, D) . Interestingly, significant correlations were found between PCS and QuickDASH scores, both for patients with PCS <30 (R 2 ¼ 0.27; P < .0001) and for those with PCS $30 (R 2 ¼ 0.18; P ¼ .0029; Fig 5, E) . QuickDASH scores were also substantially and significantly higher for patients with PCS $30 compared with those with PCS <30 (70.2 6 2.0 vs 51.9 6 1.9; P < .0001; Fig 5, F) . These results indicate that although elevated PCS scores were not necessarily associated with diagnostic measures of NTOS, high pain catastrophizing was more strongly associated with higher levels of functional disability in this cohort of patients.
DISCUSSION
Our goal in the present study was to characterize a series of clinical criteria currently used for the diagnosis of NTOS and to assess relationships between these criteria and seven PROMs in a prospective pretreatment observational cohort. Our results demonstrate the relative strengths of the individual CORE-TOS CDC that were originally derived from a consensus-based approach, emphasizing local supraclavicular/subcoracoid tenderness to palpation and the duration of the 3-minute EAST as the most important components of the physical examination. It warrants emphasis that the diagnosis of NTOS is based on the overall criteria rather than any single element or physical examination maneuver and that the clinical diagnosis of this condition remains independent of imaging studies, electrophysiological testing, or the results of scalene muscle anesthetic blocks. An additional set of criteria for clinical diagnosis of NTOS were developed during the course of this study and presented by an expert panel of the Society for Vascular Surgery as part of recommended reporting standards for this condition. These new criteria are very similar to those used in the present study, and a review of our data confirmed that in addition to the consensus-based CORE-TOS CDC for NTOS used here, all patients in this study also met the more recently described Society for Vascular Surgery reporting standards criteria. We therefore consider these two sets of CDC for NTOS to be complementary to each other. Both sets of diagnostic criteria exhibit a high degree of sensitivity for NTOS, but their specificities remain unclear in the absence of studies in a wider patient population.
Establishing the diagnosis of NTOS (using CDC) and assessing the severity of symptoms and disability are quite separate considerations. Thus, a second aspect of this study was to assess a group of PROMs in patients presenting with NTOS, because there has been an increasingly recognized need for quantitative measures of outcomes to characterize the variable extent of disability caused by NTOS and to better define the results of treatment for this condition. 7, 8 The PROMs used here represent a series of well-validated survey instruments that measure the extent of pain and disability experienced by patients across a series of similar but distinct domains: pain severity, functional disability, depression, QOL, and pain catastrophizing. The data presented here demonstrate a high level of symptomatic disability from NTOS, consistent with previous studies. For example, the mean QuickDASH score in this cohort was 56.1 6 1.8, the mean CBSQ score was 72.9 6 2.3, and the mean NTOS Index was 58.6 6 1.5. These values are similar to values reported in a previous study from our center in which the mean preoperative QuickDASH score for 154 adult patients with NTOS was 49.7 6 1.7, the mean CBSQ score was 74.5 6 2.4, and the mean NTOS Index was 58.5 6 1.7. 11 In another study that included 137 patients undergoing supraclavicular decompression for NTOS, we reported a mean preoperative QuickDASH score of 50.8 6 1.6, a mean CBSQ of 76.1 6 2.3, and mean NTOS Index of 62.7 6 2.3.
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These measures are also similar to those found in studies from other groups. Thus, Cordobes-Gual et al 19 reported a mean preoperative DASH score of 53.9 in nine patients with NTOS, Glynn et al 23 reported a median preoperative DASH score of 68.5 in a series of 21 patients undergoing surgical treatment for TOS, and Chang et al 15 reported a mean preoperative DASH score of 50.2 for 44 patients with NTOS. The patients in the present cohort may therefore be considered to be representative of a specialty practice focused on TOS. However, the level of disability displayed by this cohort may not be representative of patients who might be seen for evaluation for NTOS in a more general vascular surgery or thoracic surgery practice setting or by other specialists. Patients were separated into four groups by the duration of time they were able to perform the EAST (0-29 seconds, 30-59 seconds, 60-119 seconds, and 120-180 seconds). Pearson correlation analyses revealed significant correlations between the duration of EAST and the number of CDC (R 2 ¼ 0.182; P < .0001), the degree of tenderness (R 2 ¼ 0.120; P < .0001), and QuickDASH scores (R 2 ¼ 0.231; P < .0001). Kruskal-Wallis nonparametric analysis of variance and Dunn's multiple comparisons tests were used to determine whether there were significant differences between EAST groups for the number of positive CDC, the degree of tenderness, and the QuickDASH. Our findings revealed strong correlations between the individual PROMs evaluated here, indicating a high degree of consistency in the level of disability exhibited by patients with NTOS when evaluated across multiple different domains. In future studies it will be of interest to determine how each of these PROMs might be affected by subsequent treatment for NTOS and to assess the responsiveness to change of these various measures and how treatment might affect different aspects of NTOS-related disability.
Another part of this study was to begin evaluating a potential role for pain catastrophizing in the degree of symptomatic disability experienced by patients with NTOS and as a potential factor underlying unsatisfactory outcomes experienced by some patients after surgical treatment. Although postoperative surgical outcomes can be adversely influenced by psychologic variables, pain catastrophizing is considered a psychologic component of symptom perception exhibited to varying degrees by different individuals and independent of anxiety and depression, in which a patient is more psychologically burdened by an equal stimulus compared with the rest of the population. [20] [21] [22] [30] [31] [32] A tendency toward high levels of pain catastrophizing can thereby have an adverse influence on the perceived magnitude of pain and disability after injury or treatment, and a role for pain catastrophizing in acute and chronic postoperative pain has been recognized in a broad range of surgical populations. 22, [33] [34] [35] Recent studies show that pain catastrophizing is associated with higher acute pain intensity after cardiac surgery, 36 can be predictive of chronic pain after total knee arthroplasty, 37 and is linked with early postoperative pain after otolaryngology procedures. 38 In the present study of 150 patients with NTOS, we identified clinically significant pain catastrophizing (PCS scores >30) in 38% of individuals. The patients with high PCS scores had worse performance on the EAST, suggesting that the psychologic phenomenon of pain catastrophizing may have had a direct effect on an important measure of physical function. The high pain catastrophizing subset also had significantly higher QuickDASH scores than the remainder of the cohort, implying that the degree of disability reported by this instrument may be influenced by catastrophic thinking and that QuickDASH should not be relied on as a sole quantifier of disability. If these high levels of pain catastrophizing are subsequently found to be associated with diminished outcomes after treatment, measurement of pain catastrophizing may eventually allow some degree of patient stratification in treatment planning. In this event, targeted cognitive behavioral therapy to reduce pain catastrophizing, before surgical treatment, may be a promising approach with the potential to modify postoperative responses and outcomes. 39, 40 
CONCLUSIONS
This study illustrates the relative strengths of 14 CDC and seven PROMs to evaluate patients with NTOS. The results presented here help validate the utility of the CDC used for evaluation of patients suspected to have NTOS, demonstrate an unexpectedly high degree of consistency in the correlations between PROMs covering different domains of symptomatic disability, and provide initial evidence of a potential role for pain catastrophizing as a means to stratify patients with NTOS. Further assessment of this well-characterized patient cohort during long-term follow-up will provide valuable information on the utility of different CDC and PROMs to predict treatment outcomes.
